Objective: The aim of the study is to identify early predictors of long-term overweight and obesity in pediatric liver transplant recipients. Methods: Single-center, retrospective review of children who underwent liver transplant before age 6 years. Body mass index (BMI), weight, and height percentiles at transplant and post-transplant were calculated. BMI, weight gain trajectories, and failure-to-thrive (FTT) were examined as predictors of overweight/obesity at 3 and 5 years posttransplant. Results: Children (n ¼ 70) were median 0.9 years at transplant. Median BMI percentile increased from 37 (interquartile range (IQR) 12-73) at transplant to 83 (IQR 64-97) at 12 months, with median weight percentile 47 (IQR 26-67) and height percentile 9 (IQR 2-32). Overweight/obesity prevalence peaked at 3 years post-transplant (44%). Children who were overweight/obese at 3 years post-transplant were more likely to be overweight/obese at transplant, and at 6 and 12 months post-transplant (odds ratio (OR): 9.4, P ¼ 0.02; OR: 6.7, P ¼ 0.013, OR: 6.4, P ¼ 0.007, respectively). The prevalence of overweight/obesity decreased to 26% at 5 years. Rapid weight gain post-transplant did not predict overweight/obesity at 3 or 5 years. Over one-third of children who were FTT at transplant were overweight/obese at 3 or 5 years, but FTT at transplant did not increase later obesity risk. Conclusions: Most children gain weight rapidly after liver transplant. Nearly half of transplant recipients are overweight/obese at 3 years, but the prevalence decreases by 5 years. Those who become overweight/obese tend to do so within 1 year post-transplant, making this an important time to identify high-risk children and provide counseling.
(JPGN 2019;68: 89-95)
What Is Known
For most children, post-transplant weight gain outpaces linear growth. Childhood obesity is a strong risk factor for adult obesity and obesity-related morbidity.
What Is New?
Early post-transplant obesity is common but not necessarily persistent for all children. Children who are overweight/obese 3 years after transplant have higher body mass index percentiles at 1 year post-transplant. Children who are failure-to-thrive at transplant remain at risk of overweight/obesity after transplant. L ong-term survival after pediatric liver transplant is excellent, exceeding 85% at 5 and 80% at 10 years (1, 2) . Attention to the long-term outcomes of these patients-and short-term measures that are associated with long-term outcomes-is the key. One important focus of post-transplant care is catch-up growth. Previous studies suggest that most children catch up to their peers in weight by 1 year post-transplant (2,3) but lag in height even 5 years posttransplant (4) . This imbalance in weight and height catch-up may predispose children to overweight and obesity.
United Network for Organ Sharing (UNOS) data demonstrates that 5 to 10 years post-liver transplant, 20% to 50% of children are overweight or obese, with most obesity developing within 2 years post-transplant (5) . Childhood obesity is a strong risk factor for adult obesity and obesity-related morbidity; it may thus have an important impact on pediatric liver transplant patients' long-term outcomes (6) . The identification of children at risk for persistent overweight/obesity may help with targeted interventions to prevent long-term morbidities in this population.
Post-transplant care has traditionally focused on supporting rapid catch-up growth because pre-transplant failure-to-thrive is so common. As cholestasis and ascites resolve, absorption and intake of calories improves. Metabolic demands decrease. Many children receive corticosteroids post-transplant, which increase appetite and adiposity. Parents and providers are thrilled that the child can finally gain weight successfully.
But if catch-up growth is over-zealous, short-term gains could have long-term risks. In children without liver transplant, rapid weight gain in infancy is a strong predictor of childhood obesity (7) (8) (9) (10) (11) . Compared to slow gain, rapid weight gain in infancy is also associated with significantly elevated risk of obesity, higher total body fat, and higher percent abdominal fat in midadulthood (12) .
We hypothesized that rapid weight gain in the early posttransplant period, within the first 6 months, would be associated with later overweight/obesity in the pediatric liver transplant population. Since the post-transplant period is a time of intensive monitoring and counseling for families and children, it may be a feasible time to intervene for steady but not excessive weight gainto optimize long-term outcomes.
METHODS
After obtaining approval from the UCSF Committee on Human Research (IRB approval 12-10290, 10-01363), we conducted a retrospective review of all pediatric liver transplant recipients, ages 0 to 18 years at transplant, who received transplants between at UCSF. The cohort was limited to children <6 years of age at transplant and those receiving their first liver transplant between January 1, 1994 and June 30, 2013 ( Figure S1 , Supplemental Digital Content 1, http://links.lww.com/MPG/B473). Data on demographics, transplant, and post-transplant anthropometrics were extracted from clinical records and stored in a REDCap database, a secure, web-based application (13) .
Body mass index (BMI), weight, and height adjusted for age and gender were calculated at each timepoint of interest using World Health Organization (WHO) growth parameters and reported as percentiles (14, 15) . Due to missing data on height at several timepoints, the denominators for height and BMI sometimes differed from the denominator used for weight at a given timepoint. WHO guidelines were used because they allow for BMI percentile calculation at <2 years of age. The WHO guidelines thus allowed consistency in our outcome reporting across timepoints. Children were categorized as underweight if their BMI percentile was less than 5th percentile for age and gender, normal weight if it at least 5th percentile but lower than 85th percentile, overweight if it was at least 85th but less than 95th percentile, and obese if it was 95th percentile or higher (16) .
We examined post-transplant BMI and weight gain trajectories as predictors of later overweight/obesity. Our primary outcomes were overweight/obesity at 3 and 5 years post-transplant. We also evaluated 10 years post-transplant.
We examined growth trajectories by failure-to-thrive (FTT) status at transplant because these children are especially encouraged to gain weight rapidly after transplant. Though there is no consensus definition of FTT (17), we used the strictest definition of FTT-a weight percentile <3%-as a conservative measure.
Rapid weight gain was examined a predictor of obesity and defined as a change in weight-for-age z score !0.67 within the first 6 months post-transplant. A change in weight-for-age z score !0.67 is commonly used in the literature as this corresponds to crossing 1 major percentile line on a pediatric growth chart (9, 10, 18) . No consensus exists on the optimal time interval over which to measure weight gain-prior studies use intervals ranging from 3 to 24 months (18)-therefore we selected 6 months as a conservative interval, which has been shown to predict future metabolic risk (19) .
Since the cohort spanned 2 decades, we divided the cohort into 2 eras: children who received their transplant between 1994 and 2004, and children transplanted between 2005 and 2013. We compared prevalence of post-transplant overweight/obesity between the 2 groups.
For post-transplant management, all subjects received methylprednisoone induction followed by prednisone taper after transplant. Mycophenolate mofetil was started at transplant and weaned off as tolerated, usually within 1 to 2 years. All were maintained on a calcineurin-inhibitor as primary maintenance immunosuppression. There were no protocolized changes in dose or duration during the study period.
Statistical Analysis
Data on demographics and potential confounders were reported with descriptive statistics. BMI, weight, and height percentiles, as well as other continuous variables, are reported as median with interquartile range (25th-75th percentiles) to avoid skewing by outliers. Nonparametric Kruskal-Wallis testing was used to compare anthropometric percentiles by weight status. Chi-squared testing was used for descriptive statistics on categorical variables, and MannWhitney U tests or t tests for continuous variables depending on variable skew. Logistic regression was used to evaluate the association between rapid weight gain and other predictors with categorical outcomes: overweight/obesity at 3 years, and overweight/obesity at 5 years. Variables with P < 0.05 in univariate analysis were considered for multivariate modeling. Final multivariate models were refined using backward stepwise selection. Stata 14 (College Park, TX) was used for statistical analysis.
RESULTS
The study cohort included 70 children aged 0 to 5 years at liver transplant. Most were 1 year of age at transplant. Biliary atresia was the most common diagnosis (Table 1) .
At transplant, the cohort's median BMI was 37th percentile (IQR: 12-73), median weight 9th percentile (IQR: 3-46), and median height 5th percentile (IQR: 0.3-32) (Fig. 1) . By 6 months post-transplant, the cohort's median BMI was 85th percentile (IQR: 53-94). Median weight was 44th percentile (IQR: 26-67), but median height was only 9th percentile (IQR: 2-32). Median BMI remained above the 80th percentile at 12 months, 1 year, and 3 years but dropped to 73rd percentile by 5 years. Median weight rose to 48th percentile (IQR: 30-78) at 3 years post-transplant, then peaked at 52nd percentile (IQR: 30-77) at 10 years. Meanwhile, median height percentile steadily increased beginning at 3 months and continuing throughout the duration of the study, reaching a maximum of 37th percentile at 10 years (Fig. 1C) .
The prevalence of overweight/obesity peaked at 3 years post-transplant; 44% of children were overweight or obese (N ¼ 54 with 3 year BMI). At 5 years post-transplant, 26% of children (N ¼ 70 with 5 year BMI) were overweight or obese. Overweight/obesity at 3 and 5 years was not associated with age, gender, race, diagnosis, failure to thrive at transplant (weight <3rd percentile), liver donor (living vs deceased), or liver transplant type (whole vs split vs partial) (data not shown). Overweight/obesity prevalence did not vary by era of transplant, although our sample was small. Latino ethnicity was significantly associated with overweight/obesity at 5 years (OR: 3.0, P ¼ 0.05) but not at 3 years. Children who were overweight/obese at transplant were more likely to be overweight/obese at 3 years (OR: 9.4, P ¼ 0.02) but not at 5 years.
The next analysis focused only on the children in the cohort who had BMI data available at 3 years (N ¼ 54) and grouped children by whether they were overweight/obese or normal weight at 3 years post-transplant. For both those overweight/obese and those with normal BMI at 3 years, BMI percentiles increased steadily over the first year post-transplant and then gradually decreased ( Fig. 2A) . Overweight/obesity at 6 months and 12 months did predict overweight/obesity at 3 years (OR: 6.7, P ¼ 0.013 and OR: 6.4, P ¼ 0.007, respectively). The 2 groups had similarly steady increases in median weight percentiles for the first 6 months. After 6 months, the children with normal BMI percentile at 3 years had a plateau in BMI percentile, while the group that was overweight/ obese at 3 years had a continued rise from 6 months to 3 years (Fig. 2B) . The height percentile trajectories of the 2 groups were similar, and the median remained below 40th percentile through follow-up (Fig. 2C) .
However, of children who were overweight/obese at 3 years post-transplant, 58% had normal BMI percentiles at 5 years and 64% did at 10 years. Ten children were persistently overweight/ obese at 3 and 5 years. Interestingly, 40% were overweight/obese at transplant and 50% were failure to thrive at transplant. Of the children who were FTT at transplant and then persistently overweight/obese post-transplant, 67% become overweight or obese by 12 months post-transplant. Compared to children who were overweight/obese at 3 years but not at 5 years, the persistently overweight/obese children had a lower median BMI at transplant (33th percentile vs 57th) and their median BMI percentile increased more rapidly (65th vs 39th) over the first year posttransplant.
Of the 70 children studied, 27% were FTT at transplant (data not shown). Of those FTT at transplant with BMI data available, 44% were overweight or obese at 3 years post-transplant (n ¼ 16) and 32% were overweight or obese at 5 years (n ¼ 19). FTT at transplant was not significantly associated with obesity at 3 or 5 years in univariate analysis (data not shown). Over half (54%) of FTT children achieved a BMI above the 50th percentile within 3 months post-transplant (Fig. 3) . From 3 months to 5 years posttransplant, the BMI percentile trajectories of FTT and non-FTT children were similar. Both groups had a peak median BMI above the 85th percentile, at 6 months for non-FTT children and 12 months for the FTT group (Fig. 3A) . At 10 years post-transplant, however, the FTT group's median BMI percentile remained at the 82nd percentile. The median height percentile of the FTT group did not catch up to the non-FTT group until 10 years post-transplant. Median height percentiles of both groups remained below the 50th percentile throughout study (Fig. 3C) .
We considered rapid weight gain as a predictor of later overweight and obesity in univariate and multivariate regression. In this relatively small sample of children, early rapid weight gain was not a significant predictor of being overweight/obese 3 to 5 years post-transplant after controlling for age, gender, race, ethnicity, diagnosis, liver donor or transplant type or when stratifying by age at transplant (age <1 year at transplant compared to 1-5 years at transplant) (data not shown).
DISCUSSION
In this retrospective analysis, almost half of pediatric liver transplant recipients were overweight/obese at 3 years post-transplant, but that the prevalence decreased by 5 years. The children overweight/obese at 3 years were likely to have a BMI percentile exceeding the 85th percentile by 6 to 12 months post-transplant. However, early post-transplant obesity was not persistent for all children. Persistent overweight/obesity may also be modulated by factors including FTT status and rate of weight gain post-transplant. Importantly, linear growth catch-up remained a challenge for all children post-liver transplant, regardless of FTT status at transplant, rate of weight gain and BMI percentile post-transplant.
While the findings of obesity prevalence and poor linear catch-up growth have been reported in prior studies (1, 3, 4) , this study further shows that BMI and weight percentiles rise dramatically in the post-transplant period but typically plateau within the first year post-transplant. BMI percentile peaked in our cohort around 1 year post-transplant. However, the weight percentile trajectories did not plateau at the same time for all children. Children who were normal/underweight at 3 years tended to plateau in weight percentile by 6 months post-transplant while children who were overweight/obese by 3 years post-transplant continued to rise. These findings highlight that the first and second years posttransplant may be an important time to identify children at risk for later overweight/obesity-and provide counseling to families on obesity prevention strategies during this time of still-intensive follow-up.
Concern about catch-up growth is particularly pertinent for children who are FTT at transplant. We found that these children tend to catch up to non-FTT children in BMI percentile rapidly. But their catch-up growth in height was slower. Consequently, FTT children were still at risk for long-term and persistent overweight/ obesity despite their low weight at transplant. These data underscore the importance of examining BMI for age and gender percentiles separately from weight and height percentile trajectory curves. This study was limited by its retrospective nature and relatively small sample size. Missing data on heights or weights prevented calculation of BMI percentile for all patients at every timepoint, further limiting sample size. We could not extract exact stopping dates for corticosteroids accurately from the medical record to examine its role in weight gain or stabilization, although our standard practice is to stop steroids within 3 months after transplant and there were not protocolized changes in dose or duration during the study period.
In conclusion, most children gain weight rapidly post-transplant. Those who become overweight/obese tend to so within the first year post-transplant. Because weight gain outpaces linear growth for most children and overweight/obesity in the early post-transplant period is common, careful nutritional counseling and close follow-up is critical. Providers should track BMI percentiles and trajectories, in addition to weight and height charts in Because childhood overweight/obesity can have long-term implications for these children (20) , further information is needed to understand both the risk factors and the implications of transient and persistent childhood overweight/obesity in pediatric liver transplant patients. Future studies should seek to better characterize metabolic changes (eg, impaired glucose tolerance, dyslipidemia) in children with post-transplant overweight/obesity compared to children with normal BMI. Future research is also needed to examine whether variations in dose or duration of steroids are associated with posttransplant obesity. Larger, multicenter studies to allow more detailed investigation of rapid weight gain post-transplant would help optimize long-term outcomes for pediatric liver transplant recipients.
